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（1）考察了不同载体 SBA-15，γ-Al2O3，TiO2 和 ZrO2 对 VPO 催化剂正丁烷
选择氧化反应性能的影响，发现以 TiO2 为载体时制备的 VPO 催化剂顺酐收率最
高。420 oC 反应时，各催化剂单位质量 VPO 上顺酐的生成速率由高到低的顺序
为：VPO/TiO2 > VPO/ZrO2 > VPO/SBA-15 > VPO > VPO/γ-Al2O3。对 VPO/TiO2
催化剂的研究发现，磷酸溶液对 TiO2 载体的预处理对催化剂性能有明显影响，
以 1.0 mol/L 磷酸溶液处理 TiO2 载体后制备的催化剂，催化活性明显提高。所研
制的 VPO/1P-TiO2 新型催化剂，420 ℃反应时获得最高顺酐摩尔收率为 51.6%，
这在报道的负载 VPO 催化剂的反应性能中达到较高水平。 
（2）采用 XRD、Raman、H2-TPR 和 XPS 等技术对不同催化剂进行了详细
表征。结果表明，载体性质对催化剂活性相结构和表面性质产生重要影响。
VPO/γ-Al2O3 催化剂上主要形成无定形结构的 β-，δ-VOPO4 和少量的(VO)2P2O7
相，故其催化性能最低。VPO/SBA-15，VPO/TiO2 和 VPO/ZrO2 催化剂都主要形
成(VO)2P2O7 的活性相，但 VPO/TiO2 催化剂中 V 物种具有更好的可还原性能，
这可能是其正丁烷氧化制顺酐反应性能较高的一个重要原因。对于 VPO/TiO2催
化剂，载体经磷酸处理后，更有利于(VO)2P2O7 相的生成并提高了表面 P/V 比，
从而使其催化性能得到进一步提高。 

























比例有利于顺酐的生成。非负载 VPO 催化剂的研究结果与上述结果类似。对 VPO
催化剂，重点进行了原位拉曼光谱表征。结果表明，VPO 催化剂前驱体在不同
焙烧气氛中的物相转变过程是不同的：在 N2 和丁烷/N2 中催化剂前驱体的转变过
程相似，都直接由 VOHPO4·0.5H2O 转变(VO)2P2O7 相；而在空气中焙烧时，前驱
体 VOHPO4·0.5H2O 先转变为 γ-VOPO4 相，在 420℃下随焙烧时间的增加开始生
成(VO)2P2O7 相，随后两种物相同时生成；但在反应气中焙烧时，VPO 的前驱体





























The selective oxidation of low carbon alkane is one of the greatest challenges of 
the present catalysis research, in which the selective oxidation of n-butane to maleic 
anhydride is still the only industrial catalytic process. Until now, the reaction is 
effectively catalyzed by unsupported vanadium phosphorus oxide (VPO) catalysts in 
industrial production department. Supported catalysts, however, offer many potential 
advantages over their unsupported counterparts: (1) increased surface area to volume 
ratio of the active phase, (2) increased mechanical strength and (3) improved heat 
transfer characteristics. Although many researchers have attempted to prepare 
suppored VPO catalysts, the resulting materials exhibited much lower catalytic 
performance compared to unsupported catalysts and little is known about the detailed 
nature of the active phases and sites till date. In this work，we prepare a class of 
supported VPO catalysts and systematically research the influence of supports on the 
catalytic performances, structure and surface character of the catalysts. What is more, 
the relationship among preparation, structure and performance for VPO/TiO2 catalysts 
has been detailed studied.  The main results are as follow: 
 (1) The effects of different supports (SBA-15, γ-Al2O3, TiO2 and ZrO2) on the 
catalytic performance of VPO catalyst for the selective oxidation of n-butane have 
been investigated. It was found that the TiO2-supported VPO catalyst had a surper 
catalytic performance. The MA formation rate of the catalysts on the basis of per unit 
mass of VPO component at 420 ℃ deceased in the following order: VPO/TiO2 > 
VPO/ZrO2 > VPO/SBA-15 > VPO > VPO/γ-Al2O3. For VPO/TiO2, the results showed 
that the pretreatment of the support with H3PO4 has a notable effect on the 
performance of the catalyst. With 25%VPO/1P-TiO2, a novel catalyst developed in 
this work, the MA yield of 51.6 mol% was obtained at 420 ℃. This resulst is better 
than those reported by many authors.                                                           
(2) XRD, Raman, H2-TPR and XPS techniques were used to characterize the 
different catalysts in detail. The results show that the nature of support has an 















VPO/γ-Al2O3 catalyst mainly formed amorphous β-, δ-VOPO4 and a small amount of 
(VO)2P2O7 phase, so it has a lowest performance. VPO/SBA-15, VPO/TiO2 and 
VPO/ZrO2 catalysts all mainly formed (VO)2P2O7 phase. But V species of VPO/TiO2 
catalyst had a better reducible property, which could be an important reason for its 
higher catalytic performance. For VPO/P-TiO2 catalyst, the support pretreated with 
phosphoric acid would be more favorable to (VO)2P2O7 formation and a higher 
surface P/V radio, thus showing an improved performance. 
 (3) The influence of calcining atmosphere on catalyst structure and performance 
has been studied for 25%VPO/1P-TiO2 and unsupported VPO catalysts. Among 
25%VPO/1P-TiO2 catalysts calcined in different atmosphere (N2, C4H10/N2, air, 
C4H10/air), the catalyst calcined in reaction atmosphere showed the best catalytic 
behavior, and this was closely related to the its appropriate V4+/V5+ radio. And the 
catalysts calcined in other three atmospheres presented lower performances, for which 
the main reasons may lie in:  ① N2-calcing atmosphere generated only (VO)2P2O7 
phase. ② The precursor transformation was incomplete, and it generated less 
(VO)2P2O7 phase when it was calcined in butane/N2 atmosphere. ③ In air，the 
precursor formed lots of VOPO4 phase and a very small amount of (VO)2P2O7 phase. 
This results further confirmed that (VO)2P2O7 phase was the main active phase, and 
the appropriate V4+/V5+ ratio was a necessary requirement for high catalyst activity 
and selectivity. Similar results were obtainted from the same researchs of unsupported 
VPO catalysts. For the VPO catalyst, the thermal transformation of VOHPO4·0.5H2O 
in different atmospheres was studied using in-situ laser Raman spectroscopy. It was 
found that the VOHPO4·0.5H2O undergone a direct topotactic transformation to the 
(VO)2P2O7 phase in N2 and n-butane/N2. In air, the precursor first changed into 
γ-VOPO4, and (VO)2P2O7 phase started to generate at 420 ℃. Subsequently, the two 
phases coexisted. In reaction atmosphere, the VOHPO4·0.5H2O initially transformed 
into δ-VOPO4. As the activation time increased, the domains of δ-VOPO4 shrinked 
and further transformed to the final (VO)2P2O7 phase.  
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